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INTRODUCTION 1 20/8 locations/cells). At this dendritic distance, single synaptic stimulation either at the L1 or 1 L2 location evoked Ca 2+ transients where the spatial distribution overlapped only partially in 2 the intermediate dendritic region (between the L1 and L2 regions, defined as the BW region, 3 Fig. 1B) . In order to avoid direct interactions between the stimulus electric fields, the second 4 region was activated with a delay of 0.5 ms during double, near-simultaneous stimulation 5 (2S). At this near-simultaneous synaptic stimulation, the Ca 2+ responses showed supralinear 6 summation at the L1, L2, and BW regions when compared to the arithmetic sum of Ca 2+ 7 responses induced by separate activations. Supralinearity was found in the peak amplitude 8 and area of dendritic Ca 2+ responses in L1 (137.20 ± 6.46% and 151.00 ± 11.39%, 9 respectively; p < 0.001, n = 10/8 regions/cells), and in L2 (121.85 ± 9.85% and 124.38 ± 10 9.50%, respectively; p = 0.02 and p = 0.01, respectively; n=10/8 regions/cells; Fig. 1 ). In 11 most cases the two dendritic hotspots were spatially distinct enough to exactly determine 12 supralinearity in the BW region. Interestingly, supralinearity had the highest amplitude -a 13 local maximum -in the BW region (supralinearity for the Ca 2+ peak amplitude: 148.30 ± 14 13.46%, for the area: 146.93 ± 13.34%, p = 0.004 and p = 0.01, respectively; n= 5/4 15 regions/cells; Fig. 1 B,C) . Simultaneously recorded somatic EPSPs showed supralinear 16 summation with similar amplitude. The summation ratio (SR, see Material and Methods) for 17 the peak and area of the EPSPs was 144.48 ± 19.70 % and 136.05 ± 15.10%, respectively 18 (n = 8 cells, p = 0.02; Fig. 2 ). 19 20
Spatially and temporally clustered inputs can reproduce dendritic hotspots and their 21 supralinear interaction 22
To quantitatively characterize the non-linear interaction between dendritic hotspots, 23
we reproduced two dendritic hotspots by evoking spatially and temporally clustered input 24 patterns using two-photon glutamate uncaging, and compared the mathematical sum of responses induced by separate activation of the two hotspots versus the response of the 1 coincident activation. For this purpose, we wanted to activate the dendritic hotspots by a 2 subthreshold number of unitary inputs. The activation of 20.07 ± 1.03 points (range 8 to 30 3 points, n = 45/14 locations/cells; Fig. 3A , see Materials and Methods) resulted in somatically 4 subthreshold EPSPs. The spatial distribution of the uncaging-evoked dendritic hotspots was 5 not significantly different from that of the focal electric stimulation-evoked hotspots (synaptic 6 stimulation: 9.00 ± 0.87 µm FWHM, uncaging-evoked: 9.79 ± 0.59 µm FWHM, p = 0.95, n = 7 20/8 regions/cells, and n = 45/14 regions/cells, respectively), and also well reproduced the 8 spontaneously emerged hotspots that we detected in our previous study of R/LM-INs 9
(Katona et al., 2011). One of the advantages of the patterned two-photon activation over 10 focal synaptic stimulation is that contamination of local signals by the stimulation of axons 11
running to the unobserved parts of dendrites can be fully excluded. Moreover, the use of 12 two-photon uncaging eliminates the potential contribution of presynaptic mechanisms. 13
When two dendritic hotspots placed 15.59 ± 0.77 µm apart (range: 9.03 to 29.47 µm, n = 14 56/14 regions/cells) were near-synchronously stimulated (1 ms inter-stimulus interval), Ca 2+ 15 responses recorded along the dendrites were supralinear in both hotspots (L1 and L2) as 16 compared to the arithmetic sum of the responses induced by separate activation of the two 17 hotspots (supralinearity was 120.37 ± 4.31% and 123.36 ± 4.81% in the peak amplitude and 18 the area of the Ca 2+ , respectively; n = 56/14 regions/cells; p < 0.001; Fig. 3 ). Similarly to the 19 data obtained with synaptic stimulation, the supralinearity had a local maximum in the 20 intermediate dendritic region (BW region), where supralinearity in peak amplitude and area 21 was 122.38 ± 5.65% and 134.16 ± 9.81%, respectively (n=18/10 regions/cells; pamplitude < 22 0.001, parea = 0.001 Fig. 3 ). Uncaging-evoked EPSPs (uEPSPs) recorded simultaneously at 23 the soma also showed significant supralinearity in their summation ratio. The SR of the peak 24 amplitude and the area of uEPSPs was 110.08 ± 4.16% and 125.88 ± 7.25%, respectively (n = 14 cells; parea < 0.001, pamplitude = 0.006). These data agree well with the synaptic 1 stimulation data, further confirming that neighboring computational subunits, dendritic 2 hotspots, can interact nonlinearly. Hence hotspots provide one more intermediate state in 3 dendritic integration before the signal reaches the axosomatic integration domain. 4
Next, we investigated the spatial extent of the interaction. The supralinearity of EPSP 5 areas decreased rapidly as a function of dendritic distance between the two input clusters, 6
following an exponential decay pattern ( Fig. 4E-F ). Moreover, sublinearity replaced 7 supralinearity at dendritic distances over 50 µm. Interestingly, the fall in the supralinearity of 8 Ca 2+ responses followed a more modest tendency, and never crossed the level of linearity. 9
To investigate the temporal dependence of inter hot spot interactions we used the 10 same uncaging protocol, but varied the temporal delay between the activation of the two 11 hotspots by between 0.5 and 100 ms (Fig. 4 ). The somatic uEPSPs showed supralinearity 12 for synchronous activation of the two hotspots in a 10 ms temporal window ( Fig. 4B,C) . 13 Furthermore, the simultaneously recorded Ca 2+ responses showed a similar supralinear 14 increase in their amplitude and area ( Fig. 4D , Table 1 
NMDARs shape inter hotspot integration 20
The large dendritic Ca 2+ signals, the elongated EPSPs, and the relatively long recorded dendritic Ca 2+ responses decreased by 51.07 ± 10.14% and 70.82 ± 7.32% ( Fig.  4 5A, n = 10/4 regions/cells, p < 0.05). Then, we also examined the change in the supralinear 5 interaction of two dendritic hotspots. We observed that the summation ratio of uEPSP 6 amplitudes and area decreased by 14.79 ± 5.88% and 20.79 ± 5.93% from linear 7 summation, respectively (n = 5/4 regions/cells, p < 0.05) in the presence of AP5, and this 8 decrease was also reflected in the simultaneously recorded dendritic Ca 2+ responses, where 9 supralinearity turned to sublinearity in summation of amplitude and area, decreasing by 9.08 10 ± 9.66% and 21.45 ± 6.51% from linear summation, respectively (n = 5/4 regions/cells, p < 11 0.05). inputs induced a local, supralinear Ca 2+ influx at the two activated hot spot regions, and also 23 in the neighboring dendritic segments. Consistent with the results of the focal synaptic 24 stimulation, when two separate clusters of glutamatergic inputs were near simultaneously activated, we observed supralinear summation of both the somatic EPSPs and the local 1 Ca 2+ signals. Interestingly, changing the relative distance between the input clusters 2 revealed that there is a long-range (>50 µm) interaction between the local dendritic Ca 2+ 3 responses, while summation of somatic EPSPs turned rapidly from supralinear to sublinear 4 as a function of distance. Moreover, the supralinearity of responses was apparent only in a 5 time window of 1 to 10 ms. Finally, our pharmacological experiments revealed a determining 6 role of NMDARs in the inter-hot spot interaction. 7
A growing body of evidence supports the conclusion that neuronal networks are wired 8 in a way that means that temporally synchronized cell assemblies can activate dendritic 9 In contrast to somatic EPSPs, the supralinearity in summation of local dendritic Ca 2+ 18 responses did not decline as a function of dendritic distance between two hotspots, in fact it 19 had a maximum between two hotspots. This mismatch in the nonlinearity of summation 20 between somatic EPSPs and dendritic Ca 2+ responses can be explained by the role of 21 dendritic NMDARs. The local dendritic Ca 2+ signals were dominated by highly nonlinear 22
NMDARs, but NMDARs contributed much less to the somatic EPSPs. A similar mismatch in 23 the amplitude of nonlinearity was found in other neurons during the summation of somatic Regarding the temporal scale of the integration, the supralinearity of responses was 1 apparent in a temporal window about 10 ms long. Temporal windows of this length are 2 characteristic for coincidence detection (Calixto et al., 2008) in the neural circuitry. Previous 3 data indicated that interneurons are able to take a substantial role in controlling oscillatory 4 activity of the hippocampus (Klausberger, 2009). Therefore, this short coincidence window 5 may allow them to integrate input assemblies within a single oscillation cycle during different 6 types of brain oscillations, such as gamma or theta oscillations. 7
All previous work has indicated that pyramidal neurons can express supralinear 8 Imaging was performed using a two-photon laser scanning system (Femto2D-uncage, 3
Femtonics Ltd., Budapest, Hungary). The imaging lasers (Mai Tai HP Deep See,  4 SpectraPhysics, or Chameleon Ultra II, Coherent) was set to 830 nm for the focal electrical 5 stimulation, and to 840 nm in the uncaging experiments. Free line scans were placed 6 following the curvature of long dendritic segments to monitor the Ca 2+ signals elicited by 7 focal electric stimulation (elicited by two electrodes, located at different relative distances). 8
The scanning time was less than 6 ms, which allowed us to analyze the spatiotemporal 9
properties of Ca 2+ compartments along long dendritic segments. Regions of interest were 
Synaptic stimulation 23
For the synaptic stimulation as a first step we calibrated the three axes of the coordinate 24 system of the patch-clamp micromanipulators (Luigs & Neumann) by holding the stimulation electrodes against the three axes of the coordinate system of the two-photon microscope in 1 a MATLAB-based program. Following the initial manual marking of the tip of the pipettes in 2 the two-photon images to calibrate the origin of the two coordinate systems, the system 3 automatically moved the pipettes at a given speed to the preselected target locations where 4 synaptic stimulation was performed. Within the tissue, the software allowed only movements 5 parallel to the pipette axis: this minimized tissue damage. The target locations for synaptic 6 stimulation were selected according to the two-photon image of the dendrite. The whole 7 process was monitored using the overlaid transmitted infrared image of the pipette and the 8 two-photon fluorescence images of the region of interest. 9
Focal synaptic stimulation was performed as described earlier (Rozsa et al., 2004). 10
Briefly, 6-9 MΩ glass electrodes filled with ACSF were placed at a distance of 5-25 µm from 11 the dendrite (stimulation: 0.1 ms, 10-50 V, 0.5 ms pulse interval at double pulses; Supertech 12
Ltd.). The GABAA receptor blocker bicuculline (20 µM) added to the bath when using focal 13 electrical stimulation. All evoked excitatory postsynaptic potentials (EPSPs) were verified for 14 synaptic delay. 15 16
Calculation of supralinear summation of somatic EPSPs 17
For the somatic recordings, we calculated the summation ratio (SR) in percentage using the 18 formula 19
Here, 2S denotes the amplitude (or area) of the somatic EPSP following stimulation 21 in both dendritic hot spot regions at a certain interstimulus interval (ISI= 0.5; 1; 3-7;10; 20; 22 30; 40; 50; 100 ms), while S1 and S2 are the amplitude (or area) of the somatic EPSP after 23 the first and second stimulus, respectively. Measurement of S1, S2 and 2S responses, and thereby the corresponding synaptic stimulations, were separated by 2 s in order to avoid 1 temporal overlaps between these responses ( Figure 1B) . 2
In order to calculate nonlinearity in Ca 2+ responses, we first, defined the border of the 3 two activated dendritic hot spot regions (L1 and L2, Figure 1A and B) at the half maxima of 4 the peak amplitude responses induced by separate stimulation (S1 and S2). The nonlinearity 5
in Ca 2+ signal summation was then calculated as: 6 = 2 1
( 1 1 + 2 1 ) • 100
(2) microscope. Chromatic aberration was compensated for at the focal plane, and the incoming 1 uncaging laser beam was aligned using two motorized mirrors in order to overlap imaging 2 and uncaging point spread functions (PSFs) with 100 nm radial and 300 nm axial precision. 3
Two-photon imaging was interleaved with glutamate uncaging periods when the scanner 4 jumped to the maximum 30 selected locations (within 60 µs jump time) and returned back 5 to the scanning trajectory thereafter. The position of the uncaging sites was finely adjusted 6 in order to keep the relative distance between uncaging locations and the dendritic segment 7 stable. The distance of uncaging locations from the dendrite was also monitored by 8 measuring the green fluorescence level during the photostimulation. Locations with a 9 fluorescence artifact during uncaging over a given critical level (~2000 arbitrary units at 90% 10 PMT voltage saturation) were moved or removed to decrease dendritic phototoxicity. indicator. Red box shows the enlarged region of interest with the sketch of the two 5 stimulation pipettes (blue and green). Two dendritic regions (L1 and L2) were activated 6 either separately (defined as S1 and S2 activation, respectively) or simultaneously (defined 7 as 2S) by using focal synaptic stimulation. BW indicates the area between the L1 and L2 8 regions. Blue, brown, and green dashed lines indicate the L1, BW, and L2 dendritic regions, 9 respectively, where the Ca 2+ transients were spatially averaged. Average Ca 2+ transients 10 (mean ± SEM, n=40) for the S1 (blue) and S2 (green) synaptic stimulation in L1, L2, and 11 BW dendritic regions are compared with the simultaneous synaptic stimulation (2S), and 12 with the mathematical sum of the responses for separate S1 and S2 activation (SUM). Red 13 dotted line indicates the path of the free line scan. Black arrowheads indicate time of synaptic 14 stimulation. B, Top, Spatially normalized Ca 2+ response for the S1, S2, and 2S synaptic 15 stimulations (black triangles) recorded along the red dotted line in A. Bottom, Average spatial 16 distribution of peak Ca 2+ response (mean ± SEM). C, Average amplitude of Ca 2+ transient 17 in L1 and L2, and BW (n=7/6 regions/cells), regions for S1, S2 and S2 stimulations 18 compared to the mathematical sum (SUM) of the S1 and S2 stimulation. Transients were 19 normalized to the arithmetic sum in each region. D, Pooled Ca 2+ amplitudes (mean ± SEM, 20 n=27/9 regions/cells) comparing the measured sum (2S) and arithmetic sum (SUM). pipette. Red box shows the enlarged dendritic region of interest with the sketch of the two 4 stimulation pipettes (S1, blue; S2, green). Average somatic EPSPs (mean ± SEM) for the 5 separate activation of the first (S1, blue) and second stimulus (S2, green), and the arithmetic 6 were induced by either separate (S1 and S2, blue and green traces, respectively) or 8 simultaneous (2S, red traces) activation of the two dendritic input clusters. Transients were 9 measured in the L1, L2, and BW dendritic regions as indicated. B, Average Ca 2+ response 10 recorded between the two red triangles along the dendritic segment shown in A following 11 either separate (S1 and S2) or simultaneous (2S) activation of the two dendritic input 12 clusters shown in A. C, Simultaneously recorded individual (thin) and mean (thick) somatic 13 uEPSPs for the separate (S1: blue, S2: green) and for the simultaneous (2S: red) activation 14 of the two clusters in A. SUM: calculated sum (black). D, Left, summary graph showing the 15 mean supralinearity (2S/(S1+S2)*100) in summation of the peak amplitude and area of Ca 2+ 16 responses (n=52/12 hotspots/cells). Right, summation ratio (2S-S1)/S2*100) of uEPSP 17 peaks and areas (n=12 cells). Double stimulation induced significant supralinearity in both 18 the Ca 2+ EPSP responses (asterisk: p<0.05). Black arrowheads indicate time of uncaging. separate hot spot activation (S1: blue, S2: green). Representative traces are given for the 7 uEPSPs (top) and for the simultaneously recorded dendritic Ca 2+ signals (bottom) measured 8 in the first dendritic hot spot region. Dashed lines indicate peak of the arithmetic sums 9 (SUM). C, Statistics for the timing-dependent supralinearity of uEPSP areas. Summation 10 ratio shows supralinearity for 1-10 ms ISI. D, Mean supralinearity in summation of the peak 11
and area of Ca 2+ responses as a function of ISI. See also Table 1 . E, Summation ratio of 12 EPSP areas (left) and amplitudes (right) as a function of distance between the two input 13 clusters. Red line shows exponential fit. F, The same as in E but for the ratio of the 14 supralinearity in summation of the peak amplitude and area of Ca 2+ responses. Note the 15 preserved supralinearity as a function of distance. Dataset was binned and the last 5/10 16 data points were pooled on E and F. Asterisks indicate significance (* p<0.05, ** p<0.01). 
